Introduction
The development of "smart" catalysts for process monitoring and reaction control is highly important in modern chemistry. In particular, a smart catalyst that is able to execute a specic task under certain conditions would be very attractive. Different from traditional catalysts that initiate a reaction once the reactants are present, this type of catalyst would provide extra benets for certain industrial processes such as contaminant removal during water treatment. Traditionally, chemists have focused on catalyst use to increase rates, yields, and/or the stereo-selectivity of reactions.
1 However, it is possible that catalysts could be made "smarter" with the incorporation of extra control parameters, such as introducing an analyteselective receptor which is also an inhibitor of the catalyst, so that the catalyst can only function when a specic analyte exists under certain conditions. This sort of smart catalyst is rarely found in the literature, although it could be rationally designed to associate with an inhibitor and be temporarily deactivated, but readily re-activated in the presence of a specic trigger or an initiator to start the targeted reaction under given conditions such as concentration, temperature, or pH. Recently, several catalytic systems demonstrated a portion of this "smart off-on" function for controlling targeted reactions, which led to very interesting reaction outcomes.
2 A switch-based negative feedback loop, demonstrated with zinc(II) ion coordination-coupled deprotonation of a hydrazine, is a typical example of a smart control system, in which a particular threshold of zinc(II) causes the release of a certain concentration of protons to the environment to trigger a cascade of reactions.
2j Based on these ideas, we conjectured that a further advancement of the "offon" approach would be the introduction of a thresholdcontrolled function into the catalysts. The advancement demonstrated in this study overcomes the limitations of simple "catalyst-inhibitor" systems, arising from their simple off-on designs: i.e., they lack a mechanism to control the initiation threshold, so that the catalytic reaction will ensue in the presence of small amounts of initiator without having reached a specic initiator threshold.
The catalyst displacement assay (CDA) is a useful protocol for developing smart latent catalytic systems, particularly in chemical or waste treatment applications, because chemical toxicity depends on dosage. For example, cyanide (CN À ) is well known for its high toxicity and has been identied as one of the most serious threats toward the environment and human life. Nevertheless, it is widely used in gold mining, electroplating, and the production of synthetic bers.
3 Considering its industrial importance as well as its adverse effects, the World Health Organization has suggested maximum allowable levels of cyanide in wastewater, fresh water (class III), and drinking water of 0.5, 0.2, and 0.05 mg L
À1
, respectively. 4 The elimination of cyanide is therefore only required when its levels exceed these thresholds. The removal of cyanide in aqueous solution by oxidation has been well studied with oxidants in the presence of various catalysts such as TiO 2 , 5 Cu(I)/Cu(II) transition metal complexes 6 and Fe(II)-Cu(II) bimetallic complexes. 18a Nonetheless, these systems are not "smart" enough to begin functioning under a specic set of conditions. In recent years, the molecular design and synthesis of chemosensing systems specically for cyanide recognition or determination have been reported.
7a-d
Some of these molecular systems are indicator displacement assays (IDA), which show sensing properties with good selectivity and signal changes upon binding with CN À in solution.
7e-j IDA involves specic analyte competition, which causes the displacement of the indicator from the receptor and gives offon signals. The advantage of an IDA system is that the selectivity and sensitivity can be adjusted by tuning the thermodynamics of the ensemble. A number of IDA sensing systems 8-11 are wellestablished for the determination of anions, 8a,b,9a,b,10a-e,11b,c neutral organic molecules, 11d,e zwitterions, 8c,d,9c,d,11a and other molecules;
8e however, there are no examples of IDA systems showing smart properties that can effect a catalytic reaction under pre-set conditions.
On the basis of IDA systems, we attempted to establish a CDA system based on supramolecular donor-acceptor complexes which would feature a smart system that could selectively recognize a target analyte (a pollutant like CN À ), aer which a pre-set catalytic reaction would be automatically performed under given conditions. With the new CDA system design, the catalyst is controllably activated when the analyte level reaches a certain threshold to start a catalytic reaction. In this study, we demonstrate that a threshold, and the off/on control parameter, can be rationally adjusted by understanding the thermodynamic and kinetic properties of the cleavage processes in the donor-acceptor complexes. Both the thermodynamic and kinetic characteristics are crucial factors in deriving a CDA system that could generate a number of advantages for chemical processes-including the reduced or minimized use of reagents, costly catalysts, energy, and manpower-which cannot be provided by traditional chemical reactions or catalytic systems.
Experimental section
Materials and general procedures The experimental procedure for the rate constant measurements was performed according to previous studies. 17 Except for the reaction of complex 1, which was performed in pH 7.4 HEPES buffer, all reactions were performed in DMF/pH 7.4 HEPES buffer (1 : 1 v/v). By mixing a known amount of cyanide solution (2.5 Â 10 À3 to 1.25 Â 10 À2 M) with the test solutions containing 2.5 Â 10 À4 M complex at 25 C, the changes in the absorbance due to the addition of cyanide were measured at different time intervals. All kinetics measurements were conducted under ambient conditions.
Oxidation of cyanide to cyanate with complexes 1-3 as catalysts
All experiments were conducted in a 40 mL boiling tube in the absence of light, and the test solutions (15.0 mL) were stirred during the experiments. The concentration of H 2 O 2 was 6.53 mM, and the concentrations of complexes 1, 2, and 3 were 0.1, 0.1, and 0.2 mM, respectively. Different initial concentrations of cyanide (0 to 1000 mM) were used in the studies. The concentrations of CN À and NCO À in the test solutions were measured at regular intervals using previously reported analytical methods. 11 Interestingly, the strength of the bridging bond between the metal centers is adjustable and depends on the combination of M D and M A . Therefore, by regulating the two metal centers connected by the cyano-bridge, a bimetallic complex with specic functionality can be tailored. In this study, M D , functioning as an inhibitor, was introduced into a catalyst M A to generate a CDA system with an "off-on" function in which a catalytic oxidation reaction could be triggered when a certain concentration of cyanide ions was present in the solution. The inuence of the thermodynamic and kinetic properties of the cyano-bridges of the bimetallic complexes on the control of the off-on and threshold operation of the catalyst was then illustrated comprehensively.
Bimetallic We expected the strengths of the cyano-bridges of the three bimetallic complexes to be different due to the variation of the charge densities among the ferrous M D from À4, À2, to 0. The cyano bridge activities of the bimetallic complexes 1-3 signicantly impact their thermodynamics and kinetics, which are considered as the determinant for the threshold of a smart catalytic system. The formation of cyano-bridges between the M D and M A units in the bimetallic complexes was conrmed using IR spectroscopy, as shown in Table 1 . In general, all the n C^N stretching frequencies observed in 1-3 are red shied with respect to their precursor cyano-ferrous complexes, and the degrees of the shi vary by 2, 29, and 60 cm À1 , respectively. The Cucatalyst at this stage is de-activated as it is bridging with its metallic counterpart. When a competitive analyte, i.e., the reactant, is introduced into the system, it causes the displacement of the catalyst from the inhibitor, thus freeing it.
18a At this stage, the Cu-catalyst is activated to execute its catalytic function under the given conditions. For the present CDA system ([(L) x (CN) y Fe II -C^N-Cu II (dien)], Scheme 2), the Scheme 1 Bimetallic complexes 1-3 used as the CDA systems. (Fig. S4a †) . We believe that the displacement of the Cu II -complex (through bridge cleavage by the target analyte) from the bimetallic systems is not only controlled by the above-mentioned thermodynamic factors, but also that the different displacement kinetics of the systems could provide "smart" deactivation-activation functions which would enable us to establish a CDA system. To prove this concept, kinetic studies were conducted on the rates of cyano-bridge cleavage between the Fe II and Cu II metal centers in the bimetallic systems by cyanide. Fig. 3 shows that the rate constants for cyano-bridge cleavage in 1-3 by cyanide were determined to be 18.8, 32.0, and 58.3 M À1 s À1 , respectively. The results indicate that complex 3 is the fastest to release the Cu-catalyst for the oxidation reaction. The rates of cyanate formation with 1-3 were found to increase with respect to their decreasing DG 0 (1-3 ¼ À30.4, À25.3 and À15.1 kJ mol À1 , respectively) and also in line with the rate constants for the cyano-bridge cleavage of 1-3 by cyanide ions (18.8, 32.0, and 58.3 M À1 s À1 Fig. 3 ). The rate constant of cyanate formation from the oxidation of cyanide with H 2 O 2 as the oxidant under the catalytic action of Cu II was reported as 249.5 M À1 s
À1
( Fig. S5 †) . 21 The results reveal that the cleavage of the cyanobridge between the metallic donor and acceptor to release the Cu II complex (Scheme 2: 1 st step of the overall CDA process) is the rate determining step, whereas the 2 nd step of the process, the catalytic oxidation of cyanide, is faster.
Threshold-controlled catalytic properties of the CDA system
For the investigation of the smart threshold-controlled properties of the CDA, the initial test solutions containing cyanide, H 2 O 2 , and 1, 2 or 3 in a molar ratio of 10 : 65 : 1 in buffered aqueous DMF solution were prepared for the analyses. The concentrations of CN À and NCO À in the test solutions were measured under ambient conditions. 17,20d Fig. 4a shows that all the complexes could catalyze the oxidation of cyanide to cyanate quantitatively within 150 min with H 2 O 2 as the oxidant. Control experiments in the absence of the complexes or H 2 O 2 revealed (Fig. S6 †) . Because of this thermodynamic trigger, an off-on control is introduced into the CDA: Fig. S7 in the ESI † shows that, in the presence of 1 under UV-vis irradiation at room temperature, the degradation of the oxalate (3.125 Â 10 À2 M) to CO 2 is boosted rapidly in the rst 150 min and gradually increases aerwards. In addition, the kinetic properties of the systems impart smart properties. Fig. S7 † also reveals that even though complex 1 could thermodynamically undergo cyano-bridge cleavage in the presence of oxalate to release the Cu II unit (Fig. S4b †) for the catalytic oxidation of oxalate into CO 2 , it does not start the CDA reaction. For example, complex 1 requires that the initial oxalate concentration reaches 1.25 Â 10 À3 M (the threshold) to cleave the cyano-bridge, release the Cu II unit, and catalyze oxalate oxidation. A proposed mechanism for the catalytic oxidation of oxalate to CO 2 by the latent catalyst is shown in Scheme 2. The CDA system is therefore being smart, playing two consecutive roles of sensing a target pollutant and executing a preset chemical process at a specic concentration level of pollutants.
Degradation of cyanide in real wastewater samples by catalyst displacement assay
Aer carefully verifying the basic and crucial factors (thermodynamic and kinetic properties) of the CDA, complex 3 was used to test its applicability and "smart" performance in real wastewater treatment. Both domestic and industrial wastewater samples (level I, untreated sewage from a residential area system and sewage from an industrial zone, respectively) were collected in Hong Kong, China. The samples were ltered through 0.45 mm pore-size membrane lters (Pall Corporation) to remove insoluble substances before examination. The World Health Organization suggests a maximum allowable level of cyanide in wastewater of 20 mM (0.5 mg L À1 ). 4 The wastewater samples were spiked with 10, 20 or 30 mM cyanide and their degradation/oxidation was analyzed at room temperature with complex 3 in the presence of H 2 O 2 . (Based on the results described above, complex 3 was able to initiate the oxidation of cyanide at 20 mM.) In the presence of 3, when the cyanide content of the samples reached 20 mM, the oxidation of cyanide to cyanate was initiated (Table 3 ; Fig. S8 †) . However, it is important to note that when the cyanide content of the samples was set as 10 mM (i.e., less than the threshold concentration), no cyanide was oxidized to cyanate throughout the period. Control experiments in the absence of the complex revealed that no cyanide was oxidized. These results indicate that the smartfunctioning CDA concept is applicable, even in the presence of organic/inorganic matters in actual domestic and industrial wastewater samples.
Conclusion
Three bimetallic complexes were synthesized using a supramolecular approach with different metallic donors, [ , through a cyano-bridge as latent catalysts. The study of their thermodynamic and kinetic properties provided insight on how to establish a smart off-on sensing and threshold-controlled latent catalytic system for degradation of toxic pollutants. With this "smart" deactivationactivation function for controlling targeted reactions, the catalyst displacement assay (CDA) system could be used for on-site applications such as wastewater treatment with a pre-set threshold for the elimination of cyanide from reservoirs. 
